extracts. A scheme for the conversion of benzoic acid to catechol in bacteria is presented, involving the formation of dihydrodihydroxybenzoic acid from benzoic acid by a dioxygenase which is unstable in cell extracts, followed by the dehydrogenation and decarboxylation of dihydrodihydroxybenzoic acid to catechol by a previously undescribed enzyme. Experiments with anthranilic acid and phthalic acid suggest that dihydrodihydroxybenzoic acid is a metabolite unique to benzoic acid metabolism. Two new methods for assaying benzoic acid dioxygenase are suggested.
The catabolism of aromatic compounds by microorganisms generally involves an extended series of enzymatic conversions of the aromatic compound to aliphatic intermediates of major metabolic pathways. Several such pathways have been studied in considerable detail (5; S. Dagley, Advances in Microbial Physiology, vol. 6, in press). Benzoic acid as sole carbon and energy source can support growth of a variety of microorganisms. Its degradation via ,8-ketoadipic acid and the convergent pathway of tryptophan degradation are shown in Fig. 1 . The conversions of benzoic acid and anthranilic acid to catechol are exceptions to an otherwise well characterized scheme. Their oxidation in cell extracts has been demonstrable only at low levels. Intermediates in the conversion of these compounds to catechol have been suggested, but no evidence of intermediates has been obtained previously (11, 22) . Recently a mutant strain of Alcaligenes eutrophus was shown to accumulate from benzoic acid a previously unknown compound (18), 1,2-dihydro-1, 2-dihydroxybenzoic acid (DHB; see Fig.  2 ). (The systematic name is 3,5-cyclohexadiene-1, 2-diol-l-carboxylic acid.) Evidence presented here shows that this compound is a general intermediate in the conversion of benzoic acid to catechol by bacteria.
MATERIALS AND METHODS
Source and growth of bacteria. A. eutrophus strain B9 (13, 18) Chromatography of 'IC reaction products. The acidified contents of reaction flasks were centrifuged to remove the precipitates, and 2-Aliter samples of each supernatant were spotted onto three silica gel, thin-layer chromatography sheets (Eastman 6060, type K30IR with fluorescent indicator). Unlabeled benzoic acid, salicylic acid, and DHB were added to each spot as markers. Each sheet was then developed in one of three solvent systems and dried. The marker compounds, which were visible as quenching spots, were outlined under ultraviolet light. Sheets were cut into strips corresponding to each spot originally applied, and each strip was cut along its length into 20 to 30 segments. The radioactivity of each segment was measured by scintillation. Corp., Arlington Hts., Ill., and was purified by thinlayer chromatography (silica gel, solvent A). DHB (sodium salt) was prepared biologically as described previously (18) . Other chemicals were the highest qualities available from commercial sources and were used as obtained.
RESULTS

Conversion of DHB to catechol in cell extracts.
An NAD-dependent DHB dehydrogenase activity is found at high levels in extracts prepared from bacteria grown in the presence of benzoic acid. Approximately I mole of catechol and I mole of NADH are formed from I mole of DHB and I mole of NAD, and neither product is formed without the addition of both DHB and NAD (Table 1 ). This stoichiometry is demonstrable by centrifuging extracts to remove most of the NADH oxidase with the pellet fraction, and heating to inactivate the catechol oxygenase present.
The measured levels of enzymatic activity, here called DHB dehydrogenase, are shown in Table 2 In the formation of DHB from benzoic acid, an electron donor is needed (Fig. 2) NAD which it requires is presumably formed from NADH in the first reaction. It was reported previously that benzoic acid oxidation proceeds with either NADH or NADPH in P.
flourescens (I1).
No evidence for DHB in related pathways. Experiments were performed to investigate whether anthranilic acid (o-aminobenzoic acid) or phthalic acid (o-carboxybenzoic acid) were metabolized via DHB.
The conversion of anthranilic acid to catechol is not well understood (22) and could involve DHB and DHB dehydrogenase, as shown in Fig.  3 . To test for this pathway in Acinetobacter, cells were induced to metabolize anthranilic acid, and the level of DHB dehydrogenase was measured. Induction was achieved by growing the cells on tryptophan, which is metabolized via anthranilic acid and catechol in many bacteria (see Fig. I and reference 10) . Rapid metabolism of anthranilic acid and catechol by whole cells was confirmed by respirometry. No DHB dehydrogenase was found, however (Table 2 ). In A. eutrophus, mutant strain B9 lacks DHB dehydrogenase ( Table 2 ). The ability of this strain to respire on anthranilic acid (after induction with tryptophan) was found to be unimpaired, indicating that A. eutrophus does not metabolize anthranilic acid via DHB.
Four of 267 strains which had been screened for growth on a variety of carbon sources had been found to grow on phthalic acid (20) . Two of those strains, P. cepacia 249 and P. testosteroni 139, were grown on phthalic acid and tested for their ability to respire at the expense of catechol and protocatechuic acid. The results (Table 5) indicate that phthalic acid is metabolized via protocatechuic acid rather than via catechol in these species, in confirmation of an earlier study on a soil pseudomonad isolated by enrichment with phthalic acid (19) . DISCUSSION A. eutrophus mutant strain B9 recently was shown to convert benzoic acid to DHB, apparently via a peroxidation mechanism (18) . Evidence presented here shows that extracts from several bacterial species convert benzoic acid to DHB and convert DHB to catechol with the concommitant reduction of NAD. These results are summarized in the overall scheme shown in thus involves the formation of DHB by the benzoic acid oxygenase system which is unstable in extracts, and the dehydrogenation and decarboxylation of DHB by a previously unknown enzyme which is stable in extracts. This scheme is analogous to that presented for the oxidation of benzene to catechol in P. putida (6, 7) . Evidence that a single enzyme catalyzes the oxidative decarboxylation of DHB to catechol will be presented in a study of (12, 23) .
Three natural ortho-substituted benzoic acids can support growth of certain bacteria. Results presented here indicate that DHB is not an intermediate in the metabolism of anthranilic acid and phthalic acid. The conversion of salicylic acid (o-hydroxybenzoic acid) to catechol has been studied in detail elsewhere and is known not to involve an intermediate (14, 21, 24) . Since meta-and para-substituted benzoic acids are not generally metabolized via catechol, it appears that DHB is a metabolite unique to the benzoic acid pathway. For the benzoic acid and p-OH benzoic acid pathways, cross-induction of certain enzymes of one pathway by metabolites of the other has been observed (10, 15, 17) . This was not found to occur with DHB dehydrogenase, and there is no indication that this enzyme is induced under any conditions except during growth on benzoic acid.
DHB does not support growth of any of the bacteria used in this study. This is not unexpected for an intermediary metabolite whose polarity would make passive transport through the cell membrane difficult and which is unlikely to be found extracellularly in sufficient amounts to warrant an active transport system. Mutants have been isolated which are able to grow slowly at the expense of DH B.
The benzoic acid oxygenase system previously had been assayed by oxygen consumption (11 CO2. A simpler assay is possible in A. eutrophus B9 extracts. NADH which is oxidized in the oxygenase reaction is normally re-formed by DHB dehydrogenase in the next reaction step. In B9, however, the dehydrogenase step is blocked and a net benzoic acid-dependent oxidation of NADH can be measured in extracts. This assay could facilitate a future study of the benzoic acid oxygenase system.
